Abstract Determining intrabolus pressure (IBP) at the upper esophageal sphincter (UES) and in the esophagus has given compelling evidence that IBP can be a predictor for swallowing dysfunction. Studies have looked most superiorly at the low hypopharynx region but there has been no inquiry into what IBP measures throughout the entire pharynx can tell us. We present a study to describe the pressures within and surrounding the moving bolus throughout the pharynx and into the UES. Simultaneous high-resolution manometry (HRM) and videofluoroscopy were performed in ten healthy subjects swallowing ten 10 mL thin-liquid barium boluses. Three events surrounding bolus movement were tracked via videofluoroscopy, and two additional events were found using manometric measures. As the bolus passes through the pharynx, low pressure is created at and below the head of the bolus. A modest pressure increase is seen as the bolus passes through the pharynx, and finally, high pressure is observed at the bolus tail, followed by an even larger pressure generation of a clearance event. HRM allows for greater resolution in data collection in the pharynx and in this study, aided in identifying semi-unique characteristics around the hypopharynx and the UES which are consistent with the complex anatomy of the regions and the transition of the UES from active closure to relaxed opening. In the future, additional studies designed to look at aged and diseased populations may lead to better understanding of disease etiology, and treatment options.
Introduction
Swallowing is a pressure-driven event requiring intricate coordination of muscle contraction for the successful movement of a bolus from the oral cavity to the esophagus. The bolus is subjected to complex forces during its passage, including gravity, contact pressure from pharyngeal structures, pressure changes due to oropharyngeal cavity shape changes, and intrabolus shear forces [1, 2] . Inability to produce adequate forces in a coordinated matter can lead to inefficient or unsafe swallowing. Evaluating the pressures in and around the moving bolus has the potential to predict bolus movement efficiency [3, 4] . Intrabolus pressure (IBP) has thus far been used to look at short windows in bolus transport through a closed system [4] [5] [6] , and shows great potential for further use in the pharynx.
Abnormal IBP patterns can guide treatment options, predict risk, and can be used to document therapeutic change. For example, Ali et al. [4] used hypopharyngeal IBP to predict the successful outcome of cricopharyngeal surgery in the setting of pharyngeal dysphagia. More recently, Colizzo et al. [5] used IBP measured in the esophagus to distinguish between the fibrostenotic and inflammatory phenotypes of eosinophilic esophagitis. The importance of IBP during deglutition, both in the pharynx and esophagus, has been established and has shown great clinical promise.
Previously, IBP has been reported as a single point in space and time that lies somewhere between the bolus head and tail [4, [7] [8] [9] [10] [11] [12] , sometimes as the averaged pressure between the bolus head and tail [6] . The few explorations of pharyngeal IBP using high-resolution manometry (HRM) have focused on one time point and one physiological sensor region [6, 13] . Most studies that examined pharyngeal pressures using HRM focused solely on the upper esophageal sphincter (UES) and a small hypopharynx region rostral to the UES [4, 6] . While determining IBP at the UES has given compelling evidence that IBP can be a predictor for swallowing dysfunction, there has been no inquiry into what IBP measures throughout the entire pharynx can tell us. It seems to reason that picking a single point in time and space when defining IBP would leave an abundance of important data unexamined, potentially omitting data that could help define patterns and predict unsafe swallows. Although abnormal IBP measured at the center of a bolus would likely reflect abnormalities throughout the bolus, it is important to recognize that the bolus is a moving object and thus should have pressure gradients within the bolus. Understanding these gradient patterns should provide useful information about normal swallowing and a deeper understanding of dysfunctional swallowing, thus further investigation into multiple parameters of IBP is warranted.
Most studies reporting IBP have used conventional manometry. Methods for quantifying the changing pressures of the pharyngeal swallow traditionally involved the use of three to five unidirectional sensors typically positioned around the UES [2, [14] [15] [16] . Such studies provided important information regarding the underlying forces of bolus propulsion, but the limited capacity and number of sensors do not precisely capture the complex pressure events of the entire pharynx. HRM addresses these problems and has been used successfully to evaluate pharyngeal swallowing [17] [18] [19] [20] . HRM measures pressure in the pharynx and esophagus with a large number of closely spaced sensors. The large number and circumferential nature of HRM sensors has allowed for more accurate exploration into pressure events in the asymmetrical pharynx [17, 21, 22] . With the increased number and decreased spacing of sensors, HRM has the potential to measure IBP along the entirety of the pharynx and into the esophagus.
In the present study, we used simultaneous HRM and videofluoroscopy in a pilot project to explore pharyngeal IBP as a series of pressure events occurring throughout time and space in order to define a system of measurements for pharyngeal IBP during 10 mL liquid swallows. As the bolus is being actively pushed and pulled during its transit through the pharynx, it reasons that all the spatial regions in a pharyngeal swallow could be important based on the predictive nature of IBP in the UES and esophagus [4] [5] [6] . We hypothesized there would be differences in pressure profiles based on both the pharyngeal location and the intrabolus event location (bolus head, tail, or center). We hypothesized that mid-IBP would decrease along its course through the pharynx, as the bolus moved along a high-to low-pressure gradient and there should be a measureable pressure gradient within the bolus with the highest pressure at the bolus tail and the lowest pressure at the head or leading the bolus.
Materials and Methods

Data Collection
Five male and five female subjects (ages 21-52, mean age 35.1) participated in this study with the approval of the Institutional Review Board of the University of WisconsinMadison. Subjects were excluded if they had a history of swallowing, gastrointestinal, or any neurological conditions.
Topical viscous lidocaine hydrochloride (2 %) was applied to the nasal passages with a cotton swab, and the manometric catheter was lubricated with viscous lidocaine hydrochloride (2 %) to ease the passage of the catheter through the nasal cavity and the pharynx. Each subject swallowed ten boluses of 10 mL thin-liquid barium (40 % w/v) (Varibar, Bracco Diagnostics, Monroe Township, NJ) with the head in the neutral position. Each bolus was delivered to the oral cavity via syringe. Five randomly selected swallows were analyzed for each participant. The random swallows were selected using a random number generator. A total of 43 swallows were used after excluding trials with multiple swallows and trials in which clear sensor identification was not achieved.
Equipment
High-Resolution Manometry
A solid-state high-resolution manometer was used for all data collection (ManoScan360, Given Imaging, Atlanta, GA). The catheter has an outer diameter of 2.75 mm and 36 circumferential pressure sensors spaced 1 cm apart. Each sensor spans 0.4 mm and receives input from 12 circumferential sectors. These inputs are averaged and the mean pressure is recorded as the pressure detected by that individual sensor. The system is calibrated to record pressures between 20 and 600 mmHg. Data were collected at a sampling rate of 50 Hz (ManoScan Data Acquisition, Given Imaging). The catheter was calibrated before each participant according to manufacturer specifications.
Videofluoroscopy
Continuous videofluoroscopy was captured in the lateral plane (OEC 9900, General Electric, Fairfield, CT). The video was digitized and recorded at 30 frames per second on a DVD?RW for offline analysis (DVO-1000MD, Sony, Park Ridge, NJ). The videofluoroscopic frame was adjusted to include the incisors, cervical vertebrae, nasal border of the soft palate, and the cervical esophagus.
Data Analysis
Manometric and videofluoroscopic data were aligned temporally with a time stamp embedded into the videofluoroscopy signal (UTG-50, Horita, Mission Viejo, CA) and recorded by the manometric system (ManoScan 2.1, Given Imaging). A specialized Matlab program was used to time-align the fluoroscopic and manometric data (The MathWorks, Inc., Natick, MA).
Videofluoroscopic video frames were imported into ImageJ (National Institutes of Health, Bethesda, MD) and rotated such that the y-axis was made parallel to a line connecting the anterior-inferior corners of the C2 and C4 vertebrae. The following coordinates were labeled on each video frame: (1) anterior-superior corner of each visible sensor; and (2) anterior tubercle of C1 vertebra. The anterior tubercle of C1 represented a stable reference point and was set as the origin of the x-and y-axes. Each visible sensor was also labeled on each video frame. The most anterior-superior and anterior-inferior corners of each sensor in view were marked and used when lining up the passing bolus and determining the pharyngeal regions of interest [23] .
Regions of interest were defined manometrically using methods similar to that described previously [23] [24] [25] . Sensors included in these regions of interest differed between subjects, based on individual characteristics, such as height and catheter placement, but each was defined precisely using the manometric details that follow. Briefly, the velopharynx (VP) is a region swallowing-related pressure characterized as the most superior two or three sensors registering swallowing-related pressure. Pressure in this region will rise from baseline inactivity before any other pressure rise in the pharynx and may display a bimodal pressure wave pattern (Fig. 1) . VP pressure events have been reported [18] [19] [20] 24] and are essential to define other regions of interest, but one that this study does not directly address.
Previous reports have combined pressures from the tongue base and hypopharynx in a single region [18, 19, 24] . For the purposes of this study, we have separated these pressures into two regions, based on the shapes of the pressure waves. The tongue base (TB) region spans two or three sensors directly inferior to the VP region and represents the region and pressures of the tongue base and posterior pharyngeal wall. These sensors have a unimodal pressure wave pattern which is generated after the start of the velopharyngeal pressure (Fig. 1) . The hypopharynx (HP) is the region of swallowing-related pressure between the tongue base and UES regions. The HP region is represented by one to three sensors whose pressure generation wave patterns often are composed of multiple peaks. The multiple peaks are likely an artifact of the circumferentially averaged pressure in a region of moving structures in the anterior domain, such as the larynx, with the contracting middle and inferior pharyngeal constrictors. Anatomically, this zone is adjacent to the superior cricoid and arytenoids anteriorly, and to the interior and lower middle constrictors posteriorly. The pressures in this region occur at approximately the same time as pressures in the tongue base region, but the overall pressure pattern contrasts starkly with the unimodal pressure waves produced in the TB region. The HP swallowing-related pressure begins after the start of the TB swallowing-related pressure and before pressure in the rostral UES region (Fig. 1) .
The upper esophageal sphincter region is split into two distinct regions of interest based on two distinct pressure patterns outlined by Jones et al. [23] . The rostral upper esophageal sphincter (rUES) region of interest displays a pressure wave that has a sharp, brief departure from baseline with a fast rate of pressure release [23] (see Fig. 1 ). These one to three sensors are directly caudal to the HP sensors and directly rostral to the caudal upper esophageal sphincter sensors. They can be differentiated from the HP sensors by looking at the difference in timing of the peaks. The caudal upper esophageal sphincter (cUES) region of interest displays the same pattern as the cUES pressure wave pattern reiterated by Jones and colleagues [23] , but identified previously by many [26] [27] [28] . The cUES sensors display a pressure pattern with elevated pressure at baseline, fall to a nadir pressure during UES opening followed by a pressure burst, and return to baseline pressure (Fig. 1) . These two or three sensors are directly caudal to the rUES sensors.
Five pressure events were chosen to describe multiple time points relating to bolus movement through the pharynx. Four of those points are depicted in Fig. 2 . The leading bolus point was identified as the coordinate of the center of the caudal-most edge of bolus head on the videofluoroscopic image. The leading bolus point was identified on each frame of video until the bolus head leaves the visible frame. This point was compared against the coordinates of each HRM sensor to find the Fig. 2 Visual description of the bolus events on fluoroscopy stills. The leading bolus point, trailing bolus point, and clearance point were each found using videofluoroscopy, and the coordinates were then used to find the corresponding pressure values. Leading pressure was not found using videofluoroscopic techniques like the other points outlined on the stills; it is represented here as a way to better visualize the event that was measured manometrically C. C. Walczak et al.: Pharyngeal Pressure and Timing During Bolus Transit 107 corresponding leading bolus pressure [2] . The trailing bolus point was defined as the coordinate of the tail of the majority of the bolus body and identified as the center of the rostral-most edge of the bolus on the videofluoroscopic image (Fig. 2) . The trailing bolus point was identified on each frame on which it was visible. This point was compared against the coordinates of each HRM sensor to find the corresponding pressure within the HRM data and is then referred to as the trailing bolus pressure [2] . The clearance point is the measure of the very end of the elongated bolus tail. The trailing bolus point is a measure of the rostral edge of the majority of the bolus body, but the clearance point is a measure of the last part of the bolus that falls behind the majority of the bolus body (Fig. 2) . The clearance point was identified as the coordinate of the center of the rostral-most edge of the bolus that falls behind the majority of the bolus body, much like the trailing bolus point measurement but more rostral than the bolus tail ( Fig. 2) . As the tail of the bolus elongates during the pharyngeal swallow, the coordinate measured for the clearance point shifts out to the end of the visible bolus trajectory. This point might be considered residue if it stops making forward progress. This point was then compared against the coordinates of each HRM sensor to find the corresponding pressure within the HRM data and is then referred to as the clearance pressure. The leading pressure is measured as the pressure from one HRM sensor caudal to where the leading bolus pressure is measured which depicts what is taking place in preparation for the bolus to move through the cavity. Leading pressure thus represents pressure directly ahead of the bolus. The midbolus pressure is the pressure representing the bolus between the leading bolus pressure and trailing bolus pressure points. The mid-bolus measurement was made using the trailing bolus pressure and the leading bolus pressure measurement times for each sensor and region of interest. The trailing bolus pressure and leading bolus pressure measurements were time-aligned with the HRM data and superimposed upon a waveform for the corresponding sensor using a specialized Matlab program (see Figs. 3, 4) . The point measurement is the pressure at the time point exactly halfway between the trailing and leading bolus pressure time points (see Fig. 4 ). For a clearer picture and enhanced understanding, Fig. 5 shows the five described pressure events superimposed on the corresponding HRM spatiotemporal plot from a single swallow.
As the head of the bolus is moving at a rate faster than the tail-the bolus head moves through the pharynx in approximately 15 ms-it is captured in only four frames of videofluoroscopy before entering the esophagus, whereas the bolus tail is identified during the entire duration of the swallow and can be located on 15 or more video frames.
Statistical Analysis
For each individual, the pressure data within each pharyngeal region were averaged yielding a single regional average for ease of analysis and understanding. A 4 9 5 repeated measures analysis of variance (ANOVA) was performed on average swallowing pressures of subjects (four sensor regions of interest, five pressure events). Pairwise comparisons were made using Fisher's protected least significant difference (LSD) tests. An a criterion of 0.05 was selected to represent significance. Twenty percent of videofluoroscopy data were reanalyzed by a separate team member in the lab, and intraclass correlation coefficients (ICC) were calculated as a measure of agreement between the two raters (ICC = 0.9712).
Results
An overview of all the pressure profiles, divided out by event and then pharyngeal position, is presented in Fig. 6 . Statistically significant differences are presented in Fig. 6 and outlined in Table 1 . A complete table of pressure event measurements is provided in Table 2 . Within pharyngeal regions, mean pressure changed significantly across the defined swallowing pressure events (Table 1) . At the tongue base, the leading pressure and the leading bolus pressure were both significantly less than the pressures generated at the mid-bolus pressure point, the trailing bolus pressure, and the clearance pressure. At the level of the hypopharynx, the leading pressure, leading bolus pressure, and the mid-bolus pressure were all significantly less than the trailing bolus pressure and the clearance pressure. At the level of the rUES, leading bolus pressure was significantly less than trailing bolus pressure and clearance pressure. Additionally, mid-bolus pressure reached a minimum in this region and was significantly less than leading pressure, trailing bolus pressure, and clearance pressure. This dip in mid-bolus pressure to a subatmospheric average pressure is unique to this area. At the level of the caudal UES, the leading pressure, leading bolus pressure, and the midbolus pressure were all significantly less than the trailing bolus pressure and the clearance pressure.
Within-individual swallowing pressure events, mean pressure changed significantly across pharyngeal location (Fig. 6) . Significantly higher average pressures were generated in the cUES region for the trailing bolus pressure and clearance pressure events relative to TB, HP, and rUES regions. An elevated rUES pressure is also seen for the leading pressure event, relative to the tongue base and hypopharynx. No significant pressure difference was seen across regions for the leading bolus pressure event.
Discussion
The findings of this study highlight the importance of pharyngeal manometry and videofluoroscopy to understanding the pharynx as a complex system. At every pharyngeal region of interest, significantly lower pressures are seen at the leading pressure and leading bolus pressure events. This underscores the importance of generating a low-pressure environment in preparation for bolus flow through each region. The highest pressures are recorded in the trailing bolus pressures and the clearance pressures. The IBP recorded at the mid-bolus point revealed a unique pattern with pressures in the tongue base region being the highest, lower at the hypopharynx, but still greater than leading bolus pressure, and then becoming lower than leading pressures in rostral and cUES. The results of this study support the long-standing idea, following fluid dynamics, that we can measure to some degree the propagation of the bolus from high-to lowpressure areas, though we acknowledge we did not record pressure in the oral cavity where the bolus initiated its movement. The movement from high to low pressure can be recognized discretely in each pharyngeal region of interest. When the bolus enters into each defined region, low pressures are observed in both the leading pressure and leading bolus pressure events ( Table 2) . As the bolus exits that same pharyngeal region of interest, high pressures are seen via the trailing bolus pressure and clearance pressure events ( Table 2) . The leading pressure, one sensor caudal to the bolus head (leading bolus pressure), gives us an idea of how the pharynx prepares for the incoming bolus. By recording the pressures in the UES as the bolus moves toward it and then through to the esophagus, we are provided insight into the complex activity which occurs at the UES during bolus transit. Work completed by Omari et al. addressing the mechanical states of the UES, coupled UES electromyography, and high-resolution impedance manometry and illuminated the rapid transition from an active contracted state to quiescent distensible state [29] . The greater leading pressure at the rUES was likely due to residual pressure present as this transition occurs. This is supported by the fact that the leading pressure at the UES was less than previously reported average resting UES pressures-55.7 mmHg [30] and 46.5 mmHg [31] . In the present study, the average pressure measured at the leading pressure event at the rUES was 23.5 mmHg, which may indicate a lowering in the high static pressure of the UES in preparation for the incoming bolus. The even lower leading pressure measure of 9.9 mmHg at the cUES is conceivably due to the nature of the 'opening' rUES segment just rostral to the region and also supports the preparatory drop in pressure idea presented above. The final active opening of the UES is a rapid process which includes distraction through elevation and anterior movement of the hyolaryngeal complex, which reaches its peak as the bolus transits the UES and is most likely accounting for the subatmospheric pressure measured at the rUES when the mid-IBP is recorded at that location ( Fig. 6 ; Table 2) .
Previous work has shown that the manometric recordings of the UES display a rostral rise during swallowing [23] . Prior to the swallow, sensor(s) reside above the UES at the level of the postcricoid area and then are brought in proximity to the UES as the pharynx contracts and UES rises relative to the pressure sensors. These complex events lead to an elevated leading pressure, which quickly dissipates as the bolus head arrives and continues to decrease until the mid-bolus pressure low point at the time of maximum UES opening recorded by these sensors ( Fig. 6; Table 2 ).
As the bolus tail moves through the pharynx, elevated pressures start to appear (i.e., trailing bolus pressure) and then even larger clearance pressures (CP) follow, representing the pharyngeal stripping wave [2, 32] . In all regions, the clearance pressures exceed the mid-bolus Fig. 5 An alternate display of the five described pressure events superimposed on the corresponding HRM spatiotemporal plot from a single swallow. Each marker indicates the timing and positioning of the event as caught on videofluoroscopy, and then aligned with HRM data. The number of markers for each event varies due to the rate of movement on videofluoroscopy. For example, the bolus head moves much more rapidly than the tail and therefore has less event specific markers pressure and bolus head pressure (leading bolus pressure) by a significant amount ( Table 1 ).The largest average clearance pressure was found at the cUES and the smallest average clearance pressure was found at the hypopharynx. In fact, the average clearance pressure measure found in the hypopharynx was the only average clearance pressure measure found to be lower than its trailing bolus pressure counterpart in the same pharyngeal region (Table 2) . These hypopharyngeal pressure events were only considered significantly lower when compared to corresponding cUES pressure events, but the pattern is interesting nonetheless. It could be that clearance pressure generation in the hypopharynx is lower because pressure wave generation in the area is not a priority; rather keeping the bolus out of the airway may be more important. With glottal closure falling in the hypopharyngeal sensor region, it may seem reasonable that more muscle coordination is going toward airway protection rather than direct bolus propagation. Lowest normal clearance forces are consistent with the presence of glottis structures which do not contribute to averaged clearance pressures in this region.
A possible explanation for the largest trailing bolus pressures and clearance pressures occurring in the cUES region may be due to better catheter contact at that point. This is the only location along bolus flow where true sphincteric muscle activity occurs. As the bolus moves to the esophagus, it is likely that the cUES region has the highest pressure generation to prevent retrograde bolus flow postswallow. Pouderoux and Kahrilas described a strong UES force at the time of bolus clearance-the grabbing effectthat was attributed to the combination of UES contraction and laryngeal descent [33] . The high-resolution data from this study support that the function of the grabbing effect is to prevent regurgitation with an elevated from baseline clearance pressure seen in the cUES.
Our findings support previous evaluations of IBP in the pharynx and UES. Pal and colleagues used HRM to study forces acting on the bolus during UES trans-sphincteric flow [6] . They presented IBP, calculated at a single point, of a 10 mL high-density barium suspension at regions approximating our definitions of rUES and cUES. They reported pressures that were in the same range of the present study for the rUES, but presented pressures that were slightly lower than the range of the present study at the cUES. Ali et al. reported a hypopharyngeal IBP, which was measured at the sensor immediately proximal to the UES at the pressure time point midway between the bolus head arrival and bolus tail departure at that point [4] . This region likely approximates our definition of the hypopharynx, though it may only represent the lower sensors. They reported pressures that were in the same range as the present study for thy hypopharynx. Ghosh and colleagues performed a study using solid-state HRM, focusing solely on the UES [13] . Using multiple algorithms and derived graphs, a median IBP was found for what can best be described as the UES during its relaxation phase for a 10 mL water swallow at a region approximating our definition of cUES. They reported pressures that were in the same ranges of the present study.
We had hypothesized that we would see decreasing mid-IBP measurements as the bolus moved through the pharynx, demonstrating an elongating bolus with less shear forces and therefore less IBP due to the decreased amount of bolus substance. The bolus elongation begins with the very low leading pressures at the tongue base and hypopharynx and then support by the gradient pressures as the UES opens and the upper pharynx contracts on the bolus tail. The cUES is the zone of lowest capacity and the area which represents the muscular UES the best during most of the swallow. It retains positive pressure during all phases of bolus transport, which are relatively static, and reveals the highest bolus tail clearance pressures consistent with active UES muscular contraction. Bolus movement through this zone requires the elongation of the bolus and Fig. 6 An overview of all the pressure profiles, divided out by swallowing pressure event then pharyngeal location. P pressure, BP bolus pressure, MBP mid-bolus pressure, TB tongue base, HYP hypopharynx, rUES rostral upper esophageal sphincter, and cUES caudal upper esophageal sphincter. Within-individual pressure events, significant pressure differences were observed across regions. For the leading pressure event, average pressure at the rUES was significantly greater than at the tongue base and hypopharynx. For the mid-bolus pressure event, average pressure at the tongue base is significantly greater than at the rUES and the cUES. For the trailing bolus pressure event, average pressure at the cUES is significantly greater than at the tongue base, hypopharynx, and rUES. For the clearance pressure event, average pressure at the cUES is significantly greater than at the tongue base, hypopharynx, and rUES. Error bars indicated standard error of the mean. *p \ 0.05, **p \ 0.01, ***p \ 0.001 the pressure gradients created by the clearance pressures acting on the bolus tail as the mid-bolus transits this zone.
A few limitations in these studies should be noted. First, analysis was performed on a modest-sized sample of healthy participants. This is an important first step in understanding pharyngeal IBP, but in the future, it would be important to examine how the patterns observed in this study change in a larger group of healthy swallowers, in a state of dysphagia, and in an aging population. Second, analysis of videofluoroscopy was limited to 30 frames per second. Current technology does not permit a faster rate of acquisition, which may have resulted in a clearer picture of bolus flow dynamics. Additionally, the current HRM system circumferentially averages the pressures of each sensor to give one discrete pressure per sensor per time point. This gives an incomplete picture of directional pressure measurement and prevents us from making further judgements on which specific muscles are responsible for certain pressure readings with electromyography. Finally, the midbolus pressure measure only looks at one single point that lies directly between the leading bolus pressure and trailing bolus pressure. The point measure follows traditional methodology, but fails to capture more than a single time point. For comparison sake, using this traditional methodology is important. In the future, a method such as mean or integral should be applied to measuring the mid-bolus pressure as to evaluate all the time points, and therefore all the corresponding pressures. Within individual pharyngeal regions, significant pressure differences were observed between swallowing pressure events * Highlights a statistically significant difference (p \ 0.05) 
Conclusion
Traditionally, a single point measurement has been most often used to represent an IBP measurement. This study was aimed at describing a more complete paradigm for IBP measurement, recognizing that the measurement is more than a single point in bolus movement, but is a system of pressures and events that changes throughout the swallow. We used five events to make a more thorough evaluation of the bolus during its movement through the pharynx: (1) leading pressure, a view of what pressure lies ahead of the oncoming bolus; (2) leading bolus pressure, a view of the pressures at the head of the bolus; (3) mid-bolus pressure, a view of true IBP at the midpoint between the leading and trailing bolus pressure; (4) trailing bolus pressure, a view of the pressures at the tail of the bolus; and (5) clearance pressure, a view of the pressures that follow the bolus tail and clear the bolus through the pharynx. The present study's results confirmed the patterns of bolus moving from an area of high to low pressure, followed by a strong and driving clearance pressure. The largest average clearance pressure following the tail of the bolus was seen in the cUES, a likely consequence of better catheter contact and the prevention of retrograde bolus flow. The smallest average clearance pressure was seen in the hypopharynx region. Although this only reached our definition of statistical significance when compared to cUES clearance pressure, this finding could indicate that precise coordination, rather than pressure generation, may be the ultimate goal of the muscles in the region.
